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sulfur diesel fuel. This compound has been successfully synthesized from castor oil and

Received: February 14, 2022 ethylene glycol. The oil to ethylene glycol molar ratio was adjusted to 1:10, and the catalyst
Accepted: April 1, 2022 loading was used at 9% mole oil. Then, the mixture was refluxed for 5 h. The product
DOL: 10.22146/ijc.73038 components were characterized using GC-MS. The standard ASTM method was used to

study the kinematic viscosity and lubrication. The product was dominated by 2-
hydroxyethyl esters (94.16%), di-ester (1.12%), and cyclic ester (1.92%). The analysis of
friction coefficient and wear scar diameter (WSD) using High-Frequency Reciprocating
Rig (HFRR) shows the coefficient of friction and WSD of the product better than reference
diesel fuel. From the results of this study, the 2-hydroxyethyl ester of castor oil, especially
2-hydroxyethyl ricinoleate, is the main responsible for the lubricating properties. Thus, 2-
hydroxyethyl esters of castor oil can be proposed as an alternative bio-additive to improve
the lubrication of low-sulfur fossil diesel fuels.
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m INTRODUCTION The fatty acids methyl ester (FAME) or fatty acids
ethyl ester (FAEE) or biodiesel have been considered bio-
additive with good lubricating properties. Adding

Fossil diesel still becomes a consumer choice

because diesel engines have a higher efficiency than

. . i o/ ¢
gasoline engines [1-2]. Tt was estimated that the demand biodiesel with a small concentration (less than 1%) into

for diesel from fossils has continued to increase [3-4]. fossil diesel could lmPfOVe its lubricity. Ad.dlngvlémethyl
ester from rapeseed oil reduced 13% of diesel's wear scar
diameter (WSD) [12]. The addition of 0.2 and 0.5 wt.%

methyl ester of used oil caused the WSD values to

However, fossil diesel's sulfur content causes air pollution
and acid rain [5-6]. Therefore, a policy has been made to

regulate allowed sulfur content in 10 to 500 ppm [7-8].
decrease to 432 and 368 pm, respectively [13]. Addition of

methyl ester in diesel was 0.1, 0.5, 1, 2, 5, and 10 wt.%
from castor oil reduced the WSD from 581 to 299 um
[14]. Prasad et al. [15] reported that a mixture of 0.2 and
0.4% v of ethyl ester from castor oil into diesel decreased
the WSD value to 320 and 186 um, respectively.

One strategy to meet this regulation is by applying the
hydrodesulfurization method. Nevertheless, this method
causes the compounds as natural lubricants to disappear
[9-11], decreasing the lubricating properties of fossil
diesel. Thus, lubrication enhancing additives are essential.

Arizal Firmansyah et al.



846

Methyl or ethyl ester is generally prepared via
transesterification of triglyceride or fatty acids using
monohydroxy alcohol. Similar to this reaction principle,
another ester can also be prepared by applying
polyalcohols, such as ethylene glycol, to form the 2-
hydroxyethyl esters [16-17]. Another study reported that
low monoglycerides in FAME significantly contribute to
FAME lubrication properties. It is due to hydroxy groups
at head moiety [18-19]. However, it is challenging to
synthesize FAME with a particular monoglyceride
concentration [19]. Monoglyceride synthesis takes a long
time, and special reactors [20-22] cannot be applied
industrially [23]. Therefore, we synthesized esters whose
structure is similar to monoglycerides by a simple reflux
method, which did not require a long time, and tested
their lubricity properties. The compound has a hydroxyl
group at the head moiety (2-hydroxyethyl ester), which
can be a bio-additive to improve the lubrication of low
sulfur diesel. The 2-hydroxyethyl ester is vital as a starting
point for other researchers in developing lubricity
enhancer bio-additives for diesel in the future. So far,
other researchers have not reported the lubricating
properties of the 2-hydroxyethyl ester from non-edible
oils.

Not many researchers have reported the synthesis of
feedstocks
throughout our search. Rezende et al. [17] have reported

2-hydroxyethyl esters from renewable
the synthesis of 2-hydroxyethyl esters from cottonseed
and sunflower oil. Nosal et al. [24] studied that fatty acids
were esterified to 2-hydroxyethyl esters. Like other
renewable raw materials, castor oil has the potential to be
modified into 2-hydroxyethyl esters. Ricinoleic acid's
high content (80-90% w/w) and its uniqueness in castor
oil inspired researchers to develop bio-additives for
lubrication of low sulfur diesel. The hydroxy group in
ricinoleic acid improved the lubricating properties of low-
sulfur diesel after adding methyl ricinoleate. Hence, the
viscosity of methyl ricinoleate is higher than methyl esters
of other fatty acids such as methyl stearate and methyl
oleate. This increase in viscosity provides an advantage in
lubricity behavior [25].

The basic

2-hydroxyethyl ester is similar to the synthesis of FAME

principle in  synthesizing the
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or FAEE [26]. The vegetable oil can be transesterified
with the desired alcohol, and the base or fatty acid
esterified with the desired alcohol and acid catalyst.
However, the alcohol used in this work is ethylene
glycol. This alcohol provides one hydroxy group in the
resulting 2-hydroxyethyl ester structure or a structure
similar to FAEE with the addition of one hydroxy group.
The structure is analogous to monoglycerides which
have two hydroxy groups. Adding one hydroxy group to
the 2-hydroxyethyl ester is expected to strengthen the
interaction with the metal surface, similar to the
function of the two hydroxy groups on the
monoglyceride [27]. As a result, this produces a protective
film that minimizes direct contact between metal surfaces.
The strength of this protective layer is also supported by
the fatty acids contained in vegetable oil [28].

Therefore, this paper aims to discuss the synthesis
of 2-hydroxyethyl esters from castor oil and its lubricity
properties. Interestingly, the product in this work
demonstrated good lubrication properties. It can be
proposed as a potential bio-additive for improving the
lubricity of low-sulfur fossil diesel.

m EXPERIMENTAL SECTION
Materials

The castor oil in this study is commercial refined
castor oil in Indonesia. The utilized fossil diesel was the
leading diesel commercialized in Indonesia, containing
300 ppm sulfur. Meanwhile, sulfuric acid (H,SOs) was
obtained from SMART Lab Indonesia, and other
chemicals were obtained from Sigma-Aldrich (EMSURE
for analysis grade): ethylene glycol, potassium carbonate
(K,CO:s) that was heated before being used, ethyl acetate,
potassium hydroxide (KOH), and sodium sulfate
anhydrous (Na,SO,). All those chemicals were used
without any purification.

Instrumentation

The instruments used in this work were GC-MS
QP 2010 Shimadzu with the RTX5-MS column. The
lubricity properties analyzed by HFRR with test ball
specifications: SAE-AMS 6440 steel, diameter 6.00 mm,
Rockwell "C" (HRC) scale hardness rating 58-66 (Class
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28 per ISO 3290). Test disc specifications: SAE-AMS steel
10 mm disc 6440, which machined from annealed rods,
Vickers solidity HV 30, in line with E92, scale number 10-
210, rotated, stacked, and polished to obtain a surface of
less than 0.02.

Procedure

Determination of fatty acids derived from castor oil

Methanol was used in this work because it is more
reactive than ethylene glycol. The methoxide ion is more
easily formed than the ethylene glycoxide ion. In addition,
the methoxide ion is smaller than the ethylene glycoxide
ion. Hence the methoxide ion more easily attacks the
carbonyl carbon of the triglyceride [29]. The castor oil and
methanolic KOH as base catalysts were preheated. The
molar ratio of oil to methanol is 1:6, castor oil, 20 g and
methanol, 4.1556 g and the base catalyst loading was used
1 wt.% of oil. Then, the oil and catalyst were mixed under
reflux at 60 °C for 2 h. The mixture was left in a separation
funnel overnight. The glycerol, methanol, and water
occupied the lower layer. In the next step, this layer was
discarded. The methyl ester in the upper layer was
evaporated to eliminate the solvent and dried using
Na,SO, [30].

The purified methyl ester of refined castor oil was
characterized using GC-MS with a capillary column
comprised of 5% diphenyl and 95% dimethyl polysiloxane
with a thickness of 0.25 mm, column length of 30.0 m, and
an inner diameter of 0.25 um. The injection temperature
was adjusted to 250 °C. The split ratio mode was 138.7,
with the flow rate of Helium gas being 1.16/min. The oven
was programmed at 100 °C as the initial temperature for
4 min. Then, this temperature was raised to 240 °C at
3°C/min for 15 min. This temperature was raised to
250 °C again with 10 °C/min and maintained for 4 min.

Quantitative data from the characterized methyl
esters were then used to calculate the molecular weight of
castor oil according to Eq. (1) [31]. The obtained
molecular weight of the castor oil was to synthesize 2-
hydroxyethyl ester.

P.=>(P-Y;) (1)
P. is the molecular weight of castor oil, P; is the molecular
weight of FAME in castor oil, and Y is the percentage of
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FAME in castor oil.

Synthesis of 2-hydroxyethyl esters

The 2-hydroxyethyl esters compound from castor
oil was synthesized without optimizing the reactant
molar ratio, reaction time, reaction temperature, and
catalyst loading parameters. The synthesis of the 2-
hydroxyethyl ester procedure refers to Jiang et al. [16]
with a slight modification in reaction time, temperature,
and loading catalyst until form a product based on thin-
layer chromatography (TLC) spots. The molar ratio of oil
to ethylene glycol was adjusted to 1:10: castor oil, 20 g,
and ethylene glycol, 13.4176 g. The castor oil was heated
at 150 °C by reflux in this study. Then, ethylene glycol
and K,CO; as catalysts were added to that system. This
condition was maintained for 5 h. Next, the mixture was
neutralized until pH 7, transferred to a separating
funnel, and left overnight until two layers were formed.
As a result, esters were in the top layer, and glycerol at
the bottom was discarded. Furthermore, the top layer
was washed with hot water until the water layer was
clear. The Na,SO, was used to eliminate water in the
mixture. Finally, the excess solvent was removed by a
rotary evaporator [16].

Characterization of 2-hydroxyethyl esters
Transesterified products were checked through the
TLC. The eluent used in this study was n-hexane and
ethyl acetate (2:1). Spot of product observed in iodine
chamber. Furthermore, the profile of the transesterified
product was analyzed by GC-MS. The oven was
programmed at 70 °C and ramped to 200 °C at 10 °C/min
(hold time was 5 min). The temperature was ramped
again to 305 °C at 4 °C/min (hold time was 15 min).

Kinematic viscosity and lubrication properties
measurement of the product

The kinematic viscosity or fluidity property was
measured by kinematic viscometer followed ASTM D445
procedure at 40 °C. This apparatus was chosen to measure
based on the time for a volume to flow under gravity.
The lubrication testing of the transesterified product was
performed using the HFRR apparatus referring to ASTM
D6079. The measurement condition was maintained at
2 mL of sample volume, 200 g of loading mass, the testing
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duration of 75 min, and the temperature at 60 °C.

m  RESULTS AND DISCUSSION
Fatty Acids Profile Derived from Castor Oil

The fatty acids in castor oil are determined using a
methanolysis reaction. The profile of fatty acids as their
methyl esters and other published research can be seen in
Table 1. Each of these methyl esters was identified by
comparing each mass spectrum with the Wiley 9 database
and analyzing the fragmentation pattern of each
spectrum. Table 1 shows that the fatty acids of castor oil
in this study are similar to other published reports. The
castor oil is dominated by unsaturated fatty acids,
especially methyl ricinoleate. It potentially has a good
effect on the lubricity to low sulfur diesel [32]. The
obtained methyl ester of castor oil was used to calculate
the molecular weight of castor oil and synthesis of 2-
hydroxyethyl ester, as shown in Table 2.

The fatty acid composition in castor oil was
determined based on the optimum reaction conditions
suggested by Rashid et al. [30]. This investigation provides
a brief description of the types of fatty acids in the
feedstock. However, compared with previous studies, the
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fatty acid composition in this study did not differ much
(Table 1). The percentage of fatty acids in the feedstock
helps estimate the molecular weight of castor oil. This
information is helpful in stoichiometric calculations for
the preparation of 2-hydroxyethyl esters (Table 2).

Characterization of 2-Hydroxyethyl Esters

TLC was carried out to know whether 2-
hydroxyethyl ester formed. Fig. 1 also demonstrated that
the triglycerides had reduced and formed the product.
Furthermore, detailed chemicals of the product were
analyzed by GC-MS.

>reduced triglyceride

>formed products

T6 EG P TGP
Fig 1. TLC spots of product synthesis. TG = triglyceride;
EG = ethylene glycol; P = product

Table 1. Yield methyl ester of this study compared to another published research (%)

Yield GC-MS (%) of fatty acids methyl ester

Palmitate Palmitoleate Stearate Oleate Linoleate Linolenate Ricinoleate Y saturated ¥ unsaturated Others Ref.
(C16:0) (C16:1) (C18:0) (C18:1) (C18:2) (C18:3) (C18:1 OH) methyl ester methyl ester

1.30 - 1.31 3.57 4.52 0.41 88.89 2.61 97.39 2.61  This study

1.10 - 1.30 3.60 4.40 0.7 88.80 2.4 97.5 2.5 [34]

1.09 - 0.94 3.70 4.44 - 89.93 2.03 98.07 1.93 [35]

1.96 - 2.06 5.46 6.15 - 84.26 4.02 95.87 4.13 [36]

- 0.72 0.64 2.82 3.74 - 90.85 0.64 98.13 1.87 [37]

- 1.08 0.91 2.93 3.48 0.32 91.06 0.91 98.87 1.13 [38]

Table 2. Percentage of methyl ester and molecular weight of castor oil

FAME in castor oil P; (g/mol) Y (%) P.=2(P;.Y)
Palmitate 807.29 1.30 10.49
Stearate 891.45 1.31 11.68
Oleate 885.45 3.57 31.61
Linoleate 879.45 4.52 39.75
Linolenate 873.45 0.41 3.58
Ricinoleate 902.45 88.89 802.19
899.31

Arizal Firmansyah et al.



Indones. J. Chem., 2022, 22 (3), 845 - 856

The obtained compounds are summarized in Table
3. This result was obtained from the percentage of the
peak chromatogram. Similar to the FAME of castor oil
(Table 2), 2-hydroxyethyl ricinoleate dominates 2-
hydroxyethyl esters. The reaction mechanism for forming
the proposed 2-hydroxyethyl ester shown in Fig. 2 is
analogous to the transesterification of triglycerides with
alcohols using a base catalyst [26]. In the first step,
carbonate anions attack ethylene glycol protons to form
ethylene glycoxide anions as the nucleophile. Second step,
carbonyl carbon of triglyceride is attacked by ethylene
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glycol nucleophile to form 2-hydroxyethyl ester and di-
glyceride. The third and fourth step is similar to the
second step. The ethylene glycol anion attacks the
carbonyl carbon of di-and mono-glyceride to form
mono-glyceride and glycerol, respectively, beside 2-
hydroxyethyl ester.

According to Table 3, obtained product is also
containing a di-ester. It may be due to the proton of the
hydroxy group on the 2-hydroxyethyl ester allowing is
attacked by the carbonate anion. In the next step, the
anion of 2-hydroxyethyl ester attacks 2-hydroxyethyl

Table 3. The obtained product profile of castor oil

tR" (min)  Molecular ion (m/z)  Base peak (m/z) Transesterified product Yield GC-MS (%)
16.32 280 98 Cyclic ester 1.92
20.29 300 104 2-HE’ palmitate 1.94
24.44 324 67 2-HE linoleate 6.33
24.53 326 55 2-HE oleate 5.93
25.02 328 104 2-HE stearate 2.21
29.41 342 55 2-HE ricinoleate 77.75
48.88 560 55 di-ester 1.12

tR = retention time; “HE = hydroxyethyl

1.

o]

0
OH o
[OH‘BO)J\O"—\ |:OH * HoJ\o-

ethylene glycol carbonate bicarbonate
o] anion o anion O
2, o
070 Ry OJ(J)\R3 070 R, )J\
PO a NS SN Y S
© O)RZ To— =0 MR ~ =07 "R, * L-oH
)J\ N hydroxyethyl ester
0 N& 07 I R, OH
O ; )
triglyceride :I diglyceride
HO
0} o OH
3. Sk—\ C’ O\) 0]
O 3 JJ\ I:o R3
—0O R, *HO -~ o R, < o R, + OH
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—OH OH OH
diglyceride o
OH
. JJ\ HO:I 0] I:o R,
—0 R, ¥ o < O‘) R, * ~~l—oH * oH
hydroxyethyl ester
—OH OH L oH
glycerol

Fig 2. Proposed reaction mechanism of 2-hydroxyethyl esters formation
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ester's carbonyl carbon. As a result, di-ester and ethylene
glycol are produced, as shown in Fig. 3. The reaction
mechanism for the formation of the di-ester, as in Fig. 3,
is analogous to the di-esterification of ethylene glycol [38-
39].

In this study, a cyclic ester was also identified. It may
be derived from the intramolecular esterification of
ricinoleic acid (Fig. 4). The reaction mechanism is
generally a nucleophilic addition reaction to the carbonyl
group [40]. The carbonate anion reacts with ethylene
glycol to produce carbonic acid. Furthermore, ricinoleic
acid in castor oil captures protons from carbonic acid. The
carbon on the ricinoleic acid carbonyl becomes

1. 0

EOH

hydroxyethyl ester

1/R2/R3
carbonate
anion

HO
|:O RiRyR; * 0

o
R3/R,/R

0 di-ester

\[]/O\/\OJ\R1/R2/R3 i |:OH

Indones. J. Chem., 2022, 22 (3), 845 - 856

electrophilic. It causes cyclization to form cyclic ester.

Kinematic Viscosity and Lubrication Properties of
the Product

Kinematic viscosity and lubricity are vital
properties of low-sulfur fossil diesel lubrication additives.
The kinematic viscosity of the product in this study and
low-sulfur fossil diesel can be seen in Table 4. The
synthesized product is much more viscous (51.86 mm?/s)
than the reference diesel fuel (3.39 mm?/s). Based on this
information, the lubricating properties of the product
are better than reference diesel fuel. Generally, better
kinematic viscosity can lead to better lubrication [15,41].

(0] O
)J\ + )J\ ;
O R1/R,/R3 HO O
o bicarbonate
o anion

HO (\/\\
0) N0 T RRRS

R4/Rp/Ry <> )J\ j

R3/Ro/R

OH

ethylene glycol

Fig 3. Proposed reaction mechanism of di-ester formation

2
oo
(@]
carbonat
anion — hoon T
carbonic acid
HO/\/OH

ethylene glycol

m+ P COH
/\/\/W\/\/\/\)LOH LN /\A/WV\/\/\)L
OH | .

IO

0
= J = H*
oQ Mw 0o /;
Ho”~ OH o Yon
= = ? + O
+
E/\\/;o(\/\/\@ E/\\//?O(\/\/\ HoovoH W

HQj\ +—H
[

cyclic ketone

Fig 4. Proposed intramolecular esterification of ricinoleic acid
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Table 4. Kinematic viscosity and lubrication properties of the transesterified product and low-sulfur fossil diesel

Properties Unit Testing method ~ Product of this study ~ Low-sulfur fossil diesel
Kinematic viscosity at 40 °C mm?/s ASTM D445 51.86 3.39
Lubricity ASTM D6079
- WSD average pm 198.5 279
- Coefficient of friction average - 0.083 0.163
- Film thickness
% 75 77
707 kinematic viscosity of the product of this work met ISO
Viscosiy Grade .
E T e e T sos3 5186 5189 From Fig. 6, it is known that the WSD value of the
O 50 e ' product in this study is below EN 590 (460 pm) and ASTM
g 404 3096 g S D975 (520 pum) limit. It is lower than the fossil diesel
2 34.47 reference. This circumstance is caused by the ester and
_g 30+ cyclic ester content in the product (Table 3), although the
Z 204 cyclic ester has a minor contribution to lubrication [45].
g Based on obtained WSD value, the 2-hydroxyethyl
& 101 esters are suspected to be the main contributors to
0 lubrication, especially 2-hydroxyethyl ricinoleate (as

Bio-lubricants
Fig 5. Comparison of kinematic viscosity between the

product of this study and bio-lubricants. A-E (meet ISO
viscosity grade 46); F-G (meet ISO viscosity grade 32).
Reference of B [42]; C [43]; D [43]; E [42]; F [44]; G [44].
TMP = trimethyl propane

350

I Product of This Study
300 ~ I Low-Sulfur Fossil Diesel

N

a

o
1

198.5

Average WSD (um)
=
o o
L L

-

o

o
1

a
o
1

04
Tested Material

Fig 6. WSD value of product of this study (blue) and low-
sulfur fossil diesel (black)

The kinematic viscosity in this work is similar to bio-
lubricants 34-51 mm?/s, as reported by Heikal et al. [42]
McNutt et al. [43], and Encinar et al. [44] (Fig. 5). The

shown in Table 3, 77.75%). This data is supported by
film thickness data displayed in Fig. 7. The black line
demonstrates that the lubrication film fluctuates in the
fossil fuel during the test. Lubrication film is created and
destroyed repeatedly. The destruction of the lubrication
film is more severe in fossil diesel than in the product of
this study (blue line). As a result, the WSD value of the
product of this study is lower than fossil diesel. Based on
this evidence, the head and tail polarity of 2-hydroxyethyl
ricinoleate are responsible for the product's lubrication.

1.04 - 1.0
0.8 -0.8
S
§ 0.6 - 0.6
[
<
L
£ 04+ L 0.4
£
ic
0.2 Product of This Study 0.2
Low-Sulfur Fossil Diesel
0.0 4 - 0.0
T T T T T
0 1000 2000 3000 4000 5000

Time (s)
Fig 7. Graphic of film thickness: product in this study
(blue) and low-sulfur fossil diesel (black)
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It was similar to Canoira et al. [46] and Prasad et al. [15]
that lubrication film formation related directly to methyl
ricinoleate as the major component. Fig. 8 indicates that
the friction coefficient of low-sulfur fossil diesel high-
fluctuates at the beginning of the measurement (black). It
means more friction occurred for low-sulfur fossil diesel
than for the product in this study (blue). As a result, the
friction coefficient value of low-sulfur diesel is higher
than the product of this work.

We observe that the product's lubrication film and
friction coefficient during testing are relatively more
stable than fossil diesel. This phenomenon shows that
utilizing ethylene glycol has successfully enhanced the
polarity of ester. It also indicates that besides FAME or
FAEE, the 2-hydroxyethyl ester can be a potential
alternative bio-additive for lubricity enhancement of low-
sulfur fossil diesel. This fact is supported by Sukjit et al.
[45]. Knothe and Steidley [18] reported that the
functional group polarity impacted the lubrication
properties. The increasing functional group polarity
causes lubrication properties enhancement significantly.

Analysis of the WSD value of this study compared
to castor oil ethyl ester from the published article can be
seen in Fig. 9. Although our product has a hydroxyl group
on the alkyl ester, we notice a difference between the WSD
value in this research and the ethyl ester of castor oil
reported by Prasad et al. [15] and Yusoff et al. [29]. Some
reasons may explain this phenomenon. First, the FFA
content in our raw material was not decreased. The
presence of FFA may react with part of carbonate ions to
form soap. Consequently, it reduces hydroxyethyl esters
yield (including 2-hydroxyethyl ricinoleate). It is
analogous to the influence of FFA in the FAME synthesis
[47]. The second reason is due to applying wet catalysts in
this research. The presence of water content in K,CO;
may encourage hydrolysis and saponification reactions. It
also decreased hydroxyethyl ester yield, and it is similar to
the water content effect on the FAME synthesis [48].
Besides that, monoglyceride content significantly affects
lubrication improvement. In this study, monoglyceride
was not detected in the product. Hence, it diminishes
lubrication [18-19,49].

For the reasons mentioned above, our product quality

0.12
-0.25
0.10
-0.20
$ 0.08-
‘©c
E -0.15
I3
S 0.06 4
S L 0.10
2 0.04 4
[’
Product of This Study - 0.05
0.02 4 Low-Sulfur Fossil Diesel
-0.00
0.00 T : ; . i
0 1000 2000 3000 4000 5000

Time (s)
Fig 8. Graphic friction coefficient: product in this study
(blue) and low-sulfur fossil diesel (black)

300 -
Ethyl Ester of Castor Oil [15]
I Product of This Study
250 I Ethyl Ester of Castor Oil [30]
T onn J 198.5 203
5 200
[=]
[72]
= 150
[
(2]
g 99
> 100 -+
<
50 1
0

Bio-additives

Fig 9. Comparison of WSD value between bio-additive
this study and others. WSD value of other ethyl ester =
99 pum [15], 203 um [29]

allows being boosted. The product can be a candidate
bio-additive to
lubrication.

improve low-sulfur fossil diesel

Possibility of Lubrication Mechanism of 2-
Hydroxyethyl Ester from Castor Oil

The lubrication mechanism of the product may be
explained by the compound majority contained in the
mixture, similar to Loehle et al. [50-51]. As shown in Fig.
10, among fatty acid chains, 2-hydroxyethyl ricinoleate
occurred Van der Waals forces, hydrogen bonding, and
physisorption on the metal surface. Oxygen moieties of
hydroxyl group or carbonyl group bound to iron or iron
oxide of a metal surface (chemisorption). The presence of
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Metal
]
Fig 10. Possibility proposed lubrication mechanism of 2-
hydroxyethyl ricinoleate

these sorptions generated and kept the boundary
lubrication film. It prevents direct contact with metal
surfaces, thereby dwindling friction and wear. The
hydroxyl group at the alkyl chain played a vital role in the
lubrication of the product of this study. This hypothesis
agrees with the findings reported previously [18, 45].

m CONCLUSION

The castor oil was successfully transesterified by
ethylene glycol, and the fossil diesel fuel used as a
reference in the lubrication comparison is low-sulfur
commercial diesel fuel. Based on the measurement
results, ethylene glycolysis products’ kinematic viscosity
and lubricity properties are better than low-sulfur fossil
diesel. Although the film thickness of fossil diesel is
slightly larger than that of the synthetic product, the
stability of the protective layer of fossil diesel is worse than
the product of this study. Good tribological behavior of
the product of ethylene glycolysis due to the chemical
contained in it, the compounds were 2-hydroxyethyl
esters (94.16%), lactone (1.92%), and di-ester (1.12%).
The central lubrication contributor was 2-hydroxyethyl
ricinoleate. The kinematic viscosity and lubricity of the
product were 51.86 mm?/s and 198.5 um, respectively. It
met ISO viscosity grade 46 and lubricity below EN 590 or
ASTM D975 limit. It has proven that the product in this
study deserves to be proposed as a bio-additive to enhance
low-sulfur diesel lubrication derived from the
desulfurization process at the refinery. However, it is

necessary to carry out further research on this subject,
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such as strategies to obtain the maximum 2-
hydroxyethyl ester yield. The tribological effect of
adding bio-additive to fossil diesel also needs to be
attempted. Other studies can also be performed by
comparing the tribological properties of 2-hydroxyethyl
ester and ethyl ester of the same castor oil. Thus, the
results of this study encourage other researchers to
develop alternative bio-additives for fossil diesel

lubricity enhancers.

m ACKNOWLEDGMENTS

A F would like to thank the financial support from
Program 5000 Doktor Dalam Negeri Scholarship,
Ministry of Religious Affairs, The Republic of Indonesia
for the doctoral scholarship (KPPK Direktorat
Pendidikan Tinggi Keagamaan Islam, Direktorat
Jenderal Pendidikan Islam, Kementerian Agama No.
4021), the research and analytical support from Institut
Teknologi (ITS) and PEM
Akamigas. Also, express our deepest gratitude to Prof.
Michelle Jakeline Cunha Rezende from the Institute of
Chemistry, Federal University of Rio de Janeiro for her

Sepuluh Nopember

best advice in this research. Thanks also to Muhammad
Salman Al Kahfi, who helped improve the figures.

m AUTHOR CONTRIBUTIONS

Arizal Firmansyah: conceptualization, writing-
original draft, and writing-review & editing. R. Y. Perry
Burhan: conceptualization, methodology, supervision,
writing-review & editing. Yulfi Zetra: validation,
methodology, supervision, writing-review & editing.
Didik Prasetyoko: validation, methodology, supervision,
writing-review & editing. Novesar Jamarun: proofreading.
All authors agreed to the final version of this manuscript.

m REFERENCES

[1] Sahin, Z., Kurt, M., and Durgun, O., 2018, Heat
release analysis of gasoline fumigation in a diesel
engine, Energy Procedia, 147, 322-328.

[2] Hoseinpour, M., Sadrnia, H., Tabasizadeh, M., and
Ghobadian, B., 2017, Energy and exergy analyses of
a diesel engine fueled with diesel, biodiesel-diesel
blend and gasoline fumigation, Energy, 141, 2408-
2420.

Arizal Firmansyah et al.



854 Indones. J. Chem., 2022, 22 (3), 845 - 856

[3] Aklilu, A.Z., 2020, Gasoline and diesel demand in the
EU: Implications for the 2030 emission goal,
Renewable Sustainable Energy Rev., 118, 109530.

[4] Liddle, B., and Huntington, H., 2020, ‘On the Road
Again’: A 118 country panel analysis of gasoline and
diesel demand, Transp. Res. A: Policy Pract., 142,
151-167.

[5] Zhang, Y., Cao, Y., Tang, Y., Ying, Q., Hopke, P.K.,
Zeng, Y., Xu, X., Xia, Z., and Qiao, X., 2020, Wet
deposition of sulfur and nitrogen at Mt. Emei in the
West China Rain Zone, southwestern China: Status,
inter-annual changes, and sources, Sci. Total
Environ., 713, 136676.

[6] Qiao, X., Shu, X, Tang, Y., Duan, L., Seyler, B.C,,
Guo, H., Xiao, Y., Ying, Q., and Zhang, H., 2021,
Atmospheric deposition of sulfur and nitrogen in the
West China rain zone: Fluxes, concentrations,
ecological risks, and source apportionment, Atmos.
Res., 256, 105569.

[7] Zhang, W., Li, X., Wang, H., Song, Y., Zhang, S., and
Li, C., 2017, Deep desulfurization of model oil by
photocatalytic air oxidation and adsorption using
Ti1-9MO, (M=Zr, Ce), Korean ]. Chem. Eng., 34
(12), 3132-3141.

[8] de Ledn, J.N.D., Kumar, C.R., Antiinez-Garcia, J.,
and Fuentes-Moyado, S., 2019, Recent insights in

sulfide
catalysts for the production of ultra low sulfur diesel:
A short review, Catalysts, 9 (1), 87.

[9] Matzke, M., Jess, A., and Litzow, U., 2015, Polar
nitrogen-containing aromatic compounds as carriers
of natural diesel lubricity, Fuel, 140, 770-777.

[10] Hsieh, P.Y., and Bruno, T.J., 2015, A perspective on
the origin of lubricity in petroleum distillate motor
fuels, Fuel Process. Technol., 129, 52-60.

[11] Hsieh, P.Y., Widegren, J.A., Slifka, A.]., Hagen, A.].,
and Rorrer, R.A.L., 2015, Direct measurement of trace

transition  metal hydrodesulfurization

polycyclic aromatic hydrocarbons in diesel fuel with
'H and "C NMR spectroscopy: Effect of PAH content
on fuel lubricity, Energy Fuels, 29 (7), 4289-4297.
[12] Sukjit, E., and Dearn, K.D., 2011, Enhancing the
lubricity of an environmentally friendly Swedish
diesel fuel MK1, Wear, 271 (9-10), 1772-1777.

[13] Sun, L., Li, M., Ma, C,, Li, P, and Li, J., 2016,
Preparation and evaluation of lubricity additives for
low sulfur diesel fuel, Energy Fuels, 30 (7), 5672—
5676.

[14] Sun, L., Li, M., Ma, C., and Li, P., 2017, Preparation
and evaluation of Jatropha curcas based catalyst and
functionalized blend components for low sulfur
diesel fuel, Fuel, 206, 27-33.

[15] Prasad, L., Das, L.M., and Naik, S.N., 2012, Effect of
castor oil, methyl and ethyl esters as lubricity
enhancer for low lubricity diesel fuel (LLDF),
Energy Fuels, 26 (8), 5307-5315.

[16] Jiang, ]., Zhang, Y., Zheng, Y., and Jiang, P., 2013,
Transesterification of soybean oil with ethylene
glycol, catalyzed by modified Li-Al layered double
hydroxides, Chem. Eng. Technol., 36 (8), 1371-1377.

[17] Rezende, M.].C., Perruso, C.R., Azevedo, D.A., and
Pinto, A.C., 2005, Characterization of lubricity
improver additive in diesel by gas chromatography-
mass spectrometry, . Chromatogr. A, 1063 (1-2),
211-215.

[18] Knothe, G., and Steidley, K.R., 2005, Lubricity of
components of biodiesel and petrodiesel. The
origin of biodiesel lubricity, Energy Fuels, 19 (3),
1192-1200.

[19] Hu, J., Du, Z., Li, C., and Min, E., 2005, Study on the
lubrication properties of biodiesel as fuel lubricity
enhancers, Fuel, 84 (12-13), 1601-1606.

[20] Yang, T., Rebsdorf, M., Engelrud, U., and Xu, X,
2005, Monoacylglycerol synthesis via enzymatic
glycerolysis using a simple and efficient reaction
system, J. Food Lipids, 12 (4), 299-312.

[21] Hobuss, C.B., da Silva, F.A., dos Santos, M.A.Z., de
Pereira, C.M.P., Schulz, G.A.S., and Bianchini, D.,
2020,
monoacylglycerols through glycerolysis of ethyl

Synthesis and  characterization  of
esters derived from linseed oil by green processes,
RSC Adv., 10 (4), 2327-2336.

[22] Pyo, Y.G., Hong, S.I,, Kim, Y., Kim, B.H., and Kim,
LH.,, 2012,
containing pinolenic acid via stepwise esterification

Synthesis of monoacylglycerol

using a cold active lipase, Biotechnol. Prog., 28 (5),
1218-1224.

Arizal Firmansyah et al.



Indones. J. Chem., 2022, 22 (3), 845 - 856 855

[23] Luo, H., Zhai, Z., Fan, W., Cui, W., Nan, G., and Li,
Z., 2015, Monoacylglycerol synthesis by glycerolysis
of soybean oil using alkaline ionic liquid, Ind. Eng.
Chem. Res., 54 (18), 4923-4928.

[24] Nosal, H., Moser, K., Warzala, M., Holzer, A,
Staniczyk, D., and Sabura, E., 2020, Selected fatty
acids esters as potential PHB-V bioplasticizers: Effect
on mechanical properties of the polymer, J. Polym.
Environ., 29 (1), 38-53.

[25] Rios, I.C., Cordeiro, J.P., Arruda, T.B.M.G,,
Rodrigues, F.E.A., Uchoa, A.F.J., Luna, FM.T,
Cavalcante, C.L., and Ricardo, N.M.P.S., 2020,
Chemical modification of castor oil fatty acids
(Ricinus communis) for biolubricant applications: An
alternative for Brazil's green market, Ind. Crops
Prod., 145, 112000.

[26] Changmai, B., Vanlalveni, C., Ingle, A.P., Bhagat, R.,
and Rokhum, L., 2020, Widely used catalysts in
biodiesel production: A review, RSC Adv., 10 (68),
41625-41679.

[27] Wang, W., Shen, B,, Li, Y., Ni, Q., Zhou, L., and Du,
F., 2021, Friction reduction mechanism of glycerol
monooleate-containing lubricants at elevated
temperature - transition from physisorption to
chemisorption, Sci. Prog., 104 (1), 1-15.

[28] Shen, W., Hirayama, T., Yamashita, N., Adachi, M.,
Oshio, T., Tsuneoka, H., Tagawa, K., Yagishita, K.,
and Yamada, N.L., 2022, Relationship between
interfacial adsorption of additive molecules and
reduction of friction coefficient in the organic
friction modifiers-ZDDP combinations, Tribol. Int.,
167, 107365.

[29] Yusoff, M.F.M., Xu, X, and Guo, Z. 2014,
Comparison of fatty acid methyl and ethyl esters as
biodiesel base stock: A review on processing and
production requirements, J. Am. Oil Chem. Soc., 91
(4), 525-531.

[30] Rashid, U., Anwar, F., Moser, B.R,, and Ashraf, S.,
2008, Production of sunflower oil methyl esters by
optimized alkali-catalyzed methanolysis, Biomass
Bioenergy, 32 (12), 1202-1205.

[31] Sanchez, R., Cancela, A., and
Rodriguez, M., 2012, Influence of #n-hexane on in Situ

A., Maceiras,

transesterification of marine macroalgae, Energies,
5(2), 243-257.

[32] Geller, D.P., and Goodrum, J.W., 2004, Effects of
specific fatty acid methyl esters on diesel fuel
lubricity, Fuel, 83 (17-18), 2351-2356.

[33] Saez-Bastante, J., Pinzi, S., Jiménez-Romero, F.].,
Luque de Castro, M.D., Priego-Capote, F., and
Dorado, M.P., 2015, Synthesis of biodiesel from
castor oil: Silent versus sonicated methylation and
energy studies, Energy Convers. Manage., 96, 561—
567.

[34] Dias, ].M., Aragjo, ].M., Costa, J.F., Alvim-Ferraz,
M.C.M., and Almeida, M.F., 2013, Biodiesel
production from raw castor oil, Energy, 53, 58-66.

[35] Thakkar, K., Kachhwaha, S.S., and Kodgire, P.,
2022,
transesterification reaction for biodiesel production

Multi-response optimization of
from castor oil assisted by hydrodynamic
cavitation, Fuel, 308, 121907.

[36] Guo, S., Li, C., Zhang, Y., Yang, M., Jia, D., Zhang,
X, Liu, G, Li, R,, Bing, Z., and Ji, H., 2018, Analysis
of volume ratio of castor/soybean oil mixture on
minimum  quantity  lubrication  grinding
performance and microstructure evaluation by
fractal dimension, Ind. Crops Prod., 111, 494-505.

[37] Bekele, B.A., Ourgessa, A.W., Terefe, A.A., and
Hailu, S.S., 2018, Studies on Ethiopian castor seed
(Ricinus  communis L.): Extraction and
characterization of seed oil, J. Nat. Prod. Resour., 4
(2), 188-190.

[38] Pecar, D., and Gorsek, A., 2015, Kinetic modeling
of ethylene glycol monoesterification, Int. J. Chem.
Kinet., 47 (10), 658-663.

[39] Hiware, S.B., and Gaikar, V.G., 2020, Solvent-free
esterification of stearic acid and ethylene glycol
with heterogeneous catalysis in a stirred batch
microwave reactor, SN Appl. Sci., 2 (4), 712.

[40] Clayden, J., Greeves, N., Warren, S., and Wothers,
P., 2001, Organic Chemistry, Oxford University
Press, Oxford, UK.

[41] Long, Y., Galipaud, J., Weihnacht, V., Makowski, S.,
Martin, J.M., and De Barros Bouchet, M.I., 2022,

Achieving superlubricity using selected tribo-pairs

Arizal Firmansyah et al.



856 Indones. J. Chem., 2022, 22 (3), 845 - 856

lubricated by castor oil and unsaturated fatty acids,
Tribol. Int., 169, 107462.

[42] Heikal, E.K., Elmelawy, M.S., Khalil, S.A., and
Elbasuny, N.M., 2017, Manufacturing of environment
friendly biolubricants from vegetable oils, Egypt. J.
Pet., 26 (1), 53-59.

[43] McNutt, J., and He, Q.S., 2016, Development of
biolubricants from vegetable oils via chemical
modification, J. Ind. Eng. Chem., 36, 1-12.

[44] Encinar, J.M., Nogales-Delgado, S., Sanchez, N., and
Gonzalez, J.F., 2020, Biolubricants from rapeseed
and castor oil transesterification by using titanium
isopropoxide as a catalyst: Production and
characterization, Catalysts, 10 (4), 366.

[45] Sukjit, E., Poapongsakorn, P., Dearn, K.D., Lapuerta,
M., and Sanchez-Valdepenas, ]., 2017, Investigation of
the lubrication properties and tribological mechanisms
of oxygenated compounds, Wear, 376-377, 836-842.

[46] Canoira, L., Garcia Galean, J., Alcantara, R., Lapuerta,
M., and Garcia-Contreras, R., 2010, Fatty acid methyl
esters (FAMEs) from castor oil: Production process
assessment and synergistic effects in its properties,
Renewable Energy, 35 (1), 208-217.

[47] Bouaid, A., Vazquez, R., Martinez, M., and Aracil, J.,
2016, Effect of free fatty acids contents on biodiesel
quality. Pilot plant studies, Fuel, 174, 54-62.

[48] Anantapinitwatna, A,
Kiatkittipong, W,
Anantpinijwatna, A,

Ngaosuwan, K.,
Wongsawaeng, D.,
A.T., and
Assabumrungrat, S., 2021, Water influence on the

Quitain,

kinetics of transesterification using CaO catalyst to
produce biodiesel, Fuel, 296, 120653.

[49] Sundus, F., Masjuki, H.H., and Fazal, M.A., 2017,
Analysis of tribological properties of palm biodiesel
and oxidized biodiesel blends, Tribol. Trans., 60 (3),
530-536.

[50] Loehlé, S., Matta, C., Minfray, C., Mogne, T.L.,
Iovine, R., Obara, Y., Miyamoto, A., and Martin,
J.M., 2015, Mixed lubrication of steel by C18 fatty
acids revisited. Part I: Toward the formation of
carboxylate, Tribol. Int., 82, 218-227.

[51] Loehlé, S., Matta, C., Minfray, C., Mogne, T.L.,
Iovine, R., Obara, Y., Miyamoto, A., and Martin,
J.M., 2016, Mixed lubrication of steel by C18 fatty
acids revisited. Part II: Influence of some key
parameters, Tribol. Int., 94, 207-216.

Arizal Firmansyah et al.



	■ INTRODUCTION
	■ EXPERIMENTAL SECTION
	Materials
	Instrumentation
	Procedure
	Determination of fatty acids derived from castor oil
	Synthesis of 2-hydroxyethyl esters
	Characterization of 2-hydroxyethyl esters
	Kinematic viscosity and lubrication properties measurement of the product


	■ RESULTS AND DISCUSSION
	Fatty Acids Profile Derived from Castor Oil
	Characterization of 2-Hydroxyethyl Esters
	Kinematic Viscosity and Lubrication Properties of the Product
	Possibility of Lubrication Mechanism of 2-Hydroxyethyl Ester from Castor Oil

	■ CONCLUSION
	■ ACKNOWLEDGMENTS
	■ AUTHOR CONTRIBUTIONS
	■ REFERENCES

